Spreading characteristics of molecularly thin perfluoropolyether (PFPE) film on solid surfaces with groove-shaped textures have been studied as a function of molecular weight and end-group functionality by utilizing the phenomenon in which diffracted light on a grooved surface vanishes as the grooves are filled by lubricant. Both the increase of molecular weight and the presence of functional end-groups have the effect of decelerating lubricant spreading, which is the same tendency as that for a smooth surface. Importantly, however, the grooves serve to accelerate the spreading along the parallel-to-groove direction. It is found that the acceleration rate is larger for lubricant with a larger molecular weight or lubricant with functional end-groups.
INTRODUCTION
To increase the durability and reliability of magnetic hard disk drives, molecularly thin liquid polymeric films (1-2 nm in thickness) of perflupropolyether (PFPE) lubricant are currently applied to the disk surface. The molecularly thin lubricant film is required to be retentive enough to endure sliding in contact (retention function) and mobile enough to flow back quickly and recover a lubricant-depleted area caused by intermittent head-disk contacts (replenishment function). Recently, PFPE spreading phenomenon on various smooth surfaces such as silica [1] and diamond-like-carbon (DLC) [2] has been extensively studied.
Basically, the behaviour of lubricant is closely related to the interaction between the lubricant and the solid surface. If nano-textures have the effect of synergism on the interactions between the disk surface and the lubricant molecules, it will be possible to achieve both good retention and replenishment by forming nanotextures on a magnetic disk.
Thus, instead of smooth surfaces, the authors have investigated the spreading characteristics of molecularly thin lubricant on surfaces with groove-shaped textures by Monte Carlo simulations and experiments [3] . It was demonstrated that the groove-shaped textures have the effect of accelerating spreading in the direction parallel to the grooves, while decelerating spreading in that perpendicular to the grooves.
In this research, as continued work, the effects of molecular weight and end-group functionality on the spreading of PFPE over grooved surfaces have been studied by measuring the spreadings of various tiny PFPE dropwise thin films on the recording surface of a CD-RW disk where a large number of minute grooves exist.
EXPERIMENT
The experiments consist of first dripping 0.1 µl diluted lubricant solution on the grooved surface of an experimental disk, and then monitoring the spreading process by measuring the shape of the lubricant droplet at different times. On an unrecorded CD-RW surface (polycarbonate), there are multiple grooves of several tens of nanometers in depth running along the circumferential direction. Two kinds of unrecorded CD-RW disks that have been removed from the manufacturing process are therefore employed. One is an ordinary type; the other is a highdensity type. Hereafter, these two kinds of disks will be simply referred to as disk A and disk B, respectively. The configurations of the two disks are illustrated in Figure 1 . In contrast to the shallow and sparse grooves on disk A, the grooves on disk B are deep and dense. Additionally, surface energies of polycarbonate surface are listed in Table 1 . For reference, typical values of surface energies of smooth silicon and DLC surfaces are also given in Table 1 .
As for lubricant, commercially available nonfunctional PFPE (FOMBLIN Z03, Z15, Z25 and Z60) and functional PFPE (FOMBLIN Zdol4000s), which are general lubricants for magnetic disk surfaces, were selected. To measure the lubricant spreading on grooved surfaces, the phenomenon of diffraction caused by the grooves on the CD-RW disk is utilized. Because the grooved disk surface diffracts light while the lubricant-covered area does not show the diffraction, the spreading region is dark and can be clearly distinguished through detecting the intensity of diffracted light on the surface.
The configuration of the experimental setup is illustrated in Figure 2 . It has been described in detail in the previous report [3] . Briefly, the diffracted light beam from the object (CD-RW surface) is magnified approximately 1.2 times by a microscope and captured by a colour CCD camera. The images on the CCD camera are transferred to a personal computer and the spreading regions are identified through a series of image processing procedures [3] . 
RESULTS AND DISCUSSIONS

Effect of Molecular Weight
To investigate the effect of molecular weight, spreadings of Z03, Z15, Z25 and Z60 whose molecular weights are in the range from 4000 to 13000 g/mol were measured on the grooved surfaces of disks A and B. The corresponding images of spreading regions obtained on disk A are shown in Figures 3, 4 , 5 and 6, respectively.
The horizontal direction is the direction parallel to the grooves and the vertical direction is that perpendicular to the grooves. The lubricants spread predominantly along the grooves and only slight spreading can be observed along the direction perpendicular to the grooves. It can also be seen that the spreading regions become smaller as the molecular weight increases. This indicates that the larger the molecular weight is, the more slowly the lubricant spreads. Notably, different from the lubricant that has small molecular weight, the spreading region of Z60 at 24 h after dripping ( Figure  6(b) ) is disconnected and thicker lubricant patches can be observed, although the Z60 film is uniform immediately after dripping (Figure 6(a) ). This indicates that lubricant with large molecular weight is more likely to dewet rather than to spread. 
Figure 6: Spreading of Z60 on disk A (a) 2 min and (b) 24 h, after dripping
Since the lubricant film is elliptical in shape, its spreading can be simply evaluated from the lengths of major and minor axes. Moreover, lubricant spreading occurs mostly along the grooves as described above. Therefore, discussions will hereafter be focused on the major axis of the lubricant film.
In Figure 7 , spreading distance w which is defined as the difference between the length of major axis and its initial value is plotted against elapsed time t on a logarithmic scale for the case of (a) disk A and (b) disk B. Similar to the results previously reported [5] , two domains of spreading are clearly visible in both of the figures. In regime I, the spreading distance grows in proportion to the time t. While in regime II, a diffusionlike phenomenon of w ∝ t 1/2 is observed except for the spreading of Z60 on disk A. Due to the abovementioned dewetting phenomenon, the spreading of Z60 on disk A slowed down and departed from the diffusion law at later time. The explanation for the emergence of the two domains is that, at the beginnings, the 
w-t plot for PFPE Z with different molecular weights
It is most interesting to note that in Figure 7 , regime I becomes shorter with increasing molecular weight. There are two conceivable reasons for this phenomenon. First, as can be seen from Table 2 , the radius of gyration of lubricant polymer R g increases with increasing molecular weight M n . Thus as depicted in Figure 8 , the number of layers of molecules in a groove will decrease with increasing molecular weight, given that a polymer is a sphere of radius equal to R g . An increase of the molecular weight will therefore cause a decrease of the number of molecules in the upper layers and ultimately result in a shorter regime I. Second, it is known that the interaction between large molecules (intermolecular interaction) increases linearly with diameter [6] . Since the attractive intermolecular interaction is dominant, larger molecules, or in other words, molecules with larger weights, result in stronger cohesion. Therefore, as the molecular weight increases, the molecules in upper layers can hardly fall down to lower layers and regime I is shortened correspondingly. In order to determine D app , w 2 is plotted versus t. As an example, only the w 2 -t plot for Z15 on disk A is shown in Figure 9 . By fitting all the experimental data in regime II with the method of least squares under the constraint of passing through the origin, the straight line is obtained and the diffusion coefficient is determined from the slope of the fitted line to be 4.8×10 -11 m 2 /s. The diffusion coefficients for all the lubricants on disks A and B are determined in the same way and summarized in Figure 10 . Because the spreading of Z60 on disk A did not follow the diffusion law at the later time of regime II, the diffusion coefficient was obtained by fitting only the data that followed the diffusion law. It is evident that for all the lubricants, the diffusion coefficients on disk A are smaller than those on disk B. It is also found by a linear regression that, over the range 4000 ≤ M n ≤ 9500 g/mol, the D app for PFPE Z decreases approximately with M n -2.8 on disk A (shallow grooves), and with M n -2.1 on disk B (deep grooves). These demonstrate that with increasing groove depth, lubricant spreading is accelerated and the molecular weight dependence is weakened. For reference, the spreadings of Z03 and Z15 were measured on smooth polycarbonate surfaces. The D app of Z03 is plotted with symbol in Figure 10 . It is evident from the small value of D app on the smooth polycarbonate surface that, the grooves serve to accelerate lubricant spreading. As for Z15, no obvious spreading was observed and the D app was thus unobtainable. This indicates that on a smooth surface, the molecular weight dependence is much stronger.
For comparison, the effects of molecular weight for PFPE Z measured on smooth silicon surface by Min et al. [1] and on smooth DLC surface by Ma et al. [2] are plotted in Figure 10 with symbols and , respectively. Because the energies and contours of the experimental surfaces and the definition of diffusion coefficient are different, it is difficult to make comparison of the absolute values of diffusion coefficients. However, similar tendency, i.e., a decrease of the diffusion coefficient with M n -a (a = 0.5 on silicon surface and 0.8 on DLC surface), is obtained from all the data. It deserves attention that the diffusion coefficient changes much faster on the polycarbonate surfaces than on the silicon and DLC surfaces.
As was stated previously, molecules with large weights result in strong cohesion because of the strong attractive intermolecular interactions. Therefore, lubricant spreading slows down and diffusion coefficient decreases with increasing molecular weight. However, besides the intermolecular interaction, interaction between solid surface and lubricant molecule which is referred to as surface-molecule interaction is also a major parameter influencing lubricant spreading. Particularly on a solid surface which has high surface energy, the surfacemolecular interaction is strong enough to overcome the film cohesion caused by the attractive intermolecular interaction. Therefore, as the surface energy increases, the intermolecular interaction becomes relatively less significant and the influence of molecular weight decreases. As concluded by the authors, an increase of groove depth is equivalent to an increase of the surfacemolecule interaction [3] . Thus can be explained that the molecular weight dependence is weaker on disk B. It is believed that the slow variation of diffusion coefficient with M n on the silicon and DLC surfaces is caused by the same reason, since the surface energies of silicon and DLC are much larger than that of polycarbonate (see Table 1 ).
Effect of End-Group Functionality
The spreading of functional lubricant Zdol4000s was measured on disks A and B. Compared with non-functional PFPE Z, the spreading of functional Zdol film along the grooves is more slower, and slight shrinkage is observed along the direction perpendicular to the grooves. The diffusion coefficients of Zdol4000s along the grooves on disks A and B are determined in the same way as above and compared with those of nonfunctional Z03 in Figure 11 . Although Zdol4000s has the same molecular weight as Z03, its spreading speed is far slower than that of Z03, indicating that the functional end-groups of Zdol markedly slow down the spreading process. The ratio between the diffusion coefficients on disks B and A is 2.1 for the case of Z03. While for the case of Zdol4000s, this ratio increases to 5.7. This indicates that with increasing groove depth, the effect of end-group decreases dramatically, or in other words, the spreading of lubricant with functional endgroups speeds up greatly. Since the surface-molecule interaction increases with increasing groove depth, the influence of end-group functionality becomes relatively smaller on disk B. Consequently, on disk B, the spreading of functional lubricant is primarily governed by the strong surface-molecule interaction and thus greatly accelerated. 
CONCLUSION
Spreading characteristics of molecularly thin PFPE film on solid surface with groove-shaped textures have been studied as a function of molecular weight and end-group functionality by utilizing the phenomenon in which diffracted light on a grooved surface vanishes in the area covered by the lubricant. Both the increase of molecular weight and the presence of functional end-groups have the effect of decelerating lubricant spreading. As the depth of grooves on the solid surface increases, lubricant spreading is accelerated and its dependence on molecular weight and end-group functionality declines.
